Abstract-This paper investigates the spectral effects that stator supply harmonics can induce in wound rotor and doubly-fed induction generators. The purpose of this study is to clarify the nature and the origin of the reported significant inter harmonic effects in these machines. To this end, the authors derive analytical expressions that define the spectral signature frequencies of individual supply harmonics in the current and torque signals. The expressions are first validated through comparison with the spectra calculated using a harmonic time-stepped machine model and then by spectral measurements on a laboratory test rig comprising a 30 kW machine excited by a programmable power supply unit. It is shown that the presence of supply harmonics can result in multiple and variable wide-band interharmonic effects in the current and torque signals. Finally, the interharmonic current emissions for the wound rotor and the doubly-fed mode of operation are experimentally quantified using the relevant IEC standard indices.
I. INTRODUCTION
H ARMONIC emissions are a known power quality concern in modern variable-speed wind turbines (WTs) [1] and are consequently regulated by the relevant network operator codes [2] . The pertinent standards [2] , [3] require assessment of harmonic emissions as part of the power quality certificates of individual WTs. In conjunction with [2] , the IEC 61000-4-7 [4] provides a standard reference for evaluation of individual WT harmonic emissions. Interharmonic current components for frequencies up to 2 kHz are of special interest in this context [2] , [5] , [6] .
The increased use of WTs in electric power generation has seen a significant growth in the application of wound rotor induction generators (WRIGs). These are commonly used not only with power electronic converters in a doubly-fed induction generator (DFIG) type-III configuration for MW-size variablespeed WT applications but also with a resistor bank in the rotor circuit in a large number of older type-II topology OptiSlip and FlexiSlip machines [5] , [7] . Low-frequency interharmonic emissions were reported to be considerable in small-scale WRIGs and DFIGs [8] - [10] , and recent studies on commercial MW size WT systems corroborate these findings [11] - [12] . The adverse effects of pronounced interharmonic current components do not solely concern the generated power quality; the presence of nonfundamental current frequencies will also indicate the existence of undesirable torque pulsations [13] . These will be manifested as additional mechanical stress in the drivetrain and thus may contribute to premature failures. Furthermore, the presence of interharmonic currents will give rise to increased electrical stress in the machine, reducing the efficiency of the generator and increasing the likelihood of electrical failure [13] - [15] . Given the adverse impact on both the generator operation and the consumer, the development of control methods for mitigation of DFIG harmonic emissions has recently started receiving increased attention [16] , [17] , with an emphasis on the suppression of the stator supply fifth-and seventh-order harmonics. However, while these harmonic orders are generally among the more significant grid supply spectral components [18] and thus of potential interest, there is a lack of literature, enabling the understanding of the relationship between the stator supply spectral content and the wide-band interharmonic and harmonic spectral effects it creates in WRIG and DFIG electrical and mechanical signals. The cause and manifestation of these effects still require further investigation. Previous research on doubly-fed induction machine topology harmonic analysis has investigated the rotor-converter-induced spectral effects in the stator current [19] - [21] . It was shown that the converter produced rotor voltage harmonics can give rise to stator current subharmonic line-frequency components. Subsequent works investigated the associated speed ripple and pulsating torque effects [22] , [23] , as well as the possibility of rotor converter voltage harmonic mitigation to reduce the undesired DFIG stator current subharmonic spectral effects [24] .
This research investigates the spectral effects that originate from the interaction of the stator supply harmonics and the wound rotor machine space harmonics in a standalone and a doubly-fed configuration. A study of the source and the propagation of low-frequency interharmonic effects in WRIGs and DFIGs is presented in this paper. The first part of the manuscript provides a theoretical analysis that enables the correlation of the interharmonic content in the WRIG/DFIG current and torque signals to its origins in the grid supply harmonic content. A harmonic model of the investigated laboratory machine is then used to undertake a numerical study of the influence of individual supply harmonic orders on the spectral content of the current and the torque signals. The theoretical analysis and model study findings are confirmed by experimental data in a series of WRIG harmonic injection tests, using a programmable power supply unit (PSU) to separately introduce individual supply harmonic This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ components of interest. Finally, the harmonic emissions in a DFIG laboratory system operating under realistic grid supply conditions are assessed using high resolution Fast Fourier transform (FFT) analysis and quantified using the existing IEC standards. It is shown that the low-frequency interharmonic content that originates from WRIG space harmonics can be significant in both electrical and mechanical signals, its extent being strongly related to the harmonic nature of the stator supply.
II. CURRENT AND TORQUE SIGNALS SPECTRAL CONTENT
This section presents the derivation of generalized closedform expressions for possible stator current and electromagnetic torque frequencies of a three-phase, p pole pair wound rotor induction machine operating with an arbitrary harmonic content in the stator supply [8] , [9] , [25] . The presented analysis generally assumes machine operation with a balanced supply and with balanced windings and does not cater for the speed ripple effects.
Assuming a fundamental stator supply frequency f, an ithorder supply-harmonic-induced stator current will give rise to the air-gap field that can be expressed in the following form:
where ω = 2πf is the supply fundamental angular frequency, θ is the angular coordinate in the stationary reference frame, and ν denotes the stator driven air-gap fields pole numbers.
The possible values of ν are determined by the existing stator winding and supply arrangements [8] , [26] and are assumed to have no constraints at this stage for the sake of generality of the presented derivations. The conversion between the stator coordinate system (θ) and the rotor coordinate system (θ ) moving at rotor mechanical speed of n r is given by θ = n r t + θ . Substituting this relationship in (1) and considering the fundamental slip equation n r = ω p (1 − s) allows for the ith-order supply harmonic induced air-gap field to be expressed in the rotor reference frame
Each of the harmonic fields defined earlier will induce an electromotive force (EMF) in the rotor windings and consequently can give rise to a corresponding rotor current frequency. Each of the induced rotor current frequencies can in turn create a range of rotor-driven harmonic fields in the rotor coordinate system. The possible pole numbers of these μ will be defined by the existing rotor winding and supply arrangements; no restrictions are placed on the values of μ at this stage. The induced rotor current-driven air-gap fields can therefore be defined in the rotor reference frame by the following general form:
Transforming (3) to the stationary reference frame gives
(4) Equation (4) describes a series of harmonic flux waves rotating in the stator reference frame at frequencies given by
Each individual flux density wave in (5) can induce an EMF in the stator windings, the frequency of which will be equal to the field rotational frequency; consequently, the induced stator winding EMF can give rise to a matching stator current frequency.
Appropriate constraints for ν and μ can now be introduced into the derived general form equation for possible current frequencies in (5) to obtain the formula which characterizes the stator current signal spectrum for the specific operating conditions of interest. This research is concerned with investigating the operation of a balanced three-phase machine hence the pole number values for stator and rotor driven air-gap fields are assumed to take their conventional non-triplen odd multiples of the fundamental pole number form [26] , i.e.
where m, n = 0, ±1, ±2, ±3 . . . The following expression is thus obtained for possible stator current frequencies induced by an arbitrary ith-order supply time harmonic:
where k = 0, 1, 2, 3 . . . and relates to air-gap field pole numbers, while i = 1, 2, 3 . . . and is determined by the considered supply harmonic order. Defining the rotor fundamental rotational frequency f r as f r = n rpm r /60, where n rpm r is the rotor mechanical speed in rpm, and considering the fundamental slip relationship allows for (7) to be rearranged to a more convenient form with a clearer physical meaning, which directly links the current spectral content to the harmonics of the stator supply frequency and the rotor rotational frequency
where i and k maintain their previous definitions. The electromagnetic torque signal spectral components are established by the interaction of individual stator driven flux waves with individual rotor driven flux waves having an identical pole number. Each existing stator supply harmonic will generate stator driven rotating field waves at frequencies determined by the time-harmonic order and containing a multitude of possible pole numbers ν as defined by (1) . Each of these rotating fields can induce a corresponding rotor current frequency, defined in (2); each induced rotor current frequency will create a range of rotor field waves that will be manifested in the stator reference frame at frequencies given by (5) and will contain a range of possible pole values μ. The rotor-driven fields will interact with matching pole number fields existing in the stator reference frame that are driven by stator harmonic currents at supply harmonic frequencies lf, where l = 1, 2, 3 . . . A pulsating torque frequency produced by identical pole number fields travelling in the same direction is given by the difference in the respective field frequencies, while that produced by fields travelling in opposite directions is determined by the sum of the respective field frequencies [26] , [27] . The expression defining the possible pulsating torque frequencies resulting from the lth-order supply harmonic can thus be derived in a general form
Substituting adequate ν and μ constraints for the investigated balanced machine operation, as defined in (6), yields an expression defining the possible pulsating torque frequencies in a balanced machine
where l and i represent the considered supply harmonic orders and k = 0, 1, 2, 3 . . . relates to the air-gap field pole numbers. Further rearranging (10) to introduce the fundamental rotor rotational frequency allows for the possible torque signal frequencies to be related to the supply and rotational frequencies harmonics
The expression in (11) is seen to be similar in form to that for current shown in (8); however, its structure reflects the supply harmonics interactions that define the contents of the torque signal spectrum.
III. NUMERICAL MODEL STUDY
The supply harmonic content influence on the spectra of the WRIG stator current and electromagnetic torque signals was evaluated in a numeric model study for a bandwidth of 0-800 Hz. A coupled circuit time stepped WRIG model based on the principles of generalized harmonic analysis was utilized for this purpose [28] . The model accounts for higher order field harmonics and uses detailed design and operational information of the laboratory four-pole 30 kW wound rotor induction machine as data inputs. Generator operation at an operating speed of 1620 r/min is assumed in the simulations for illustration purposes.
The influence of individual supply harmonic components was evaluated in turn in model simulations. For illustration purposes, the study includes the nontriplen low-harmonic orders identified by the relevant grid code [18] as being the most prominent: the second-, fifth-, seventh-, eleventh-, and thirteenth-order harmonics. These are separately considered in the simulations by superposing a corresponding single-frequency component onto the fundamental supply frequency. This research examines the operation of a balanced three-phase system; hence, the investigated three-phase supply harmonic systems are considered to be balanced in magnitude and phase for the purpose of the model study; the three-phase harmonic voltages are assumed to follow the standard convention for a balanced three-phase system (i.e., 1, 4, 7, . . . , orders are positive sequence; 2, 5, 8, . . . , orders are negative sequence, triplen orders are zero sequence) [29] .
The individual harmonic component magnitudes are set according to the grid code prescribed mean rms value limits in terms of percentage of the fundamental [18] and are stated in the graphs. Results for the stator current and electromagnetic torque spectra are shown in Figs. 1-6 . The current spectra are normalized with respect to the machine rated current in order to illustrate the relevance of the spectral components in terms of the total harmonic distortion (THD), as defined in [2] . Fig. 1 (a) and (b) shows the predicted current and torque spectra for the WRIG operating with the fundamental excitation component only. The current signal is seen to contain a range of interharmonic components in addition to the fundamental; these are seen to be reflected in the torque spectrum. The spectral frequencies values labeled in the current and torque signals results can be calculated for the considered operating conditions by expressions in (8) and (11), respectively. The equation parameters that enable the calculation of the predicted frequencies are indicated in the figures and clearly link individual spectral frequencies to the relevant existing supply harmonic orders and rotational frequency. The frequencies of spectral components in the current signal are obtained by substituting a corresponding value for the examined supply harmonic order i and setting parameter k value to zero in (8) to obtain the relevant current harmonic frequency for the investigated supply harmonic content; the interharmonic current frequencies values are obtained by substituting a value of i that corresponds to the considered supply harmonic order and combining it with a range of increasing values of k in (8), starting from the fundamental (k = 1).
The harmonic components in the torque signal spectra are calculated by substituting appropriate values for i and l in (11); i corresponds to the fundamental frequency that is modulated with an appropriate harmonic order l to form a torque harmonic component characteristic of the investigated supply harmonic conditions. The balanced three-phase harmonic voltage sequences examined in Figs. 1-6 The data in Figs. 2-6 illustrate that the presence of each individual supply harmonic gives rise to a matching current harmonic frequency, but, in addition, creates a set of interharmonic currents. A similar trend can be observed in the torque signal, where a number of additional pulsating torques arise from the presence of each individual supply harmonic.
IV. EXPERIMENTAL RESULTS

A. Laboratory Test-Rig Description
The reported harmonic effects were experimentally validated and quantified in a series of experiments on a laboratory testrig (see Fig. 7 ). The rig can operate in a WRIG or a type III [7] , [11] DFIG configuration. To establish DFIG operation, a 40-kW/8-kHz back-to-back voltage-source converter is used to interface the induction machine rotor circuit to the grid.
A Marelli E4F225M4 four-pole, 240-V/50-Hz, 30-kW wound rotor machine driven by a dc motor was used in the experiments. The test system contains a Schaffner Profline series PSU, which enables the injection of individual supply voltage harmonics of a predetermined magnitude and phase.
Steady-state operating conditions are considered in the experiments. Instantaneous stator currents and voltages were recorded using a digital oscilloscope sampling at a rate of 10 kHz. The machine frame vibration was measured on the vertical axis at the load end, using a Bruel&Kjaer (B&K) DT4394 piezoelectric accelerometer. The vibration spectrum was recorded in a 1 kHz bandwidth at 6400 lines of resolution using the B&K PULSE system. The estimated air-gap torque signal is calculated from the measured voltages and currents [30] .
B. PSU Harmonic Injection Tests
In order to experimentally validate the current and torque expressions derived in Section II and the model study results reported in Figs. 1-6 , the rig is initially operated with the induction machine stator excitation provided by the PSU and with short circuited rotor windings. Due to the available PSU design limitations motoring operation was investigated in this setup.
Figs. 8 and 9 show the measured voltage, current, air-gap torque, and vibration signals spectra for the laboratory machine operating at 1420 r/min with the PSU programmed to provide a monocomponent balanced 3-phase excitation at 50 Hz and at nominal magnitude. The open circuit PSU voltage spectrum is also included for clarity (PSU-OC trace in Fig. 8 ). Very low magnitude harmonic components are seen to be present in the PSU output, with a measured peak magnitude at ≈ 0.3% of the fundamental (seventh and ninth harmonics) and a THD of 0.7% reported by the PSU monitoring software. The inherent minute PSU harmonic voltages have little impact on the machine stator current where besides the fundamental, the most prominent frequency components are those originating from the machine space harmonics. Incidentally, these frequencies are also present in the measured machine terminal voltage (PSU-IM trace in Fig. 8 ). The interharmonic currents are measured at magnitude levels of up to 4.5% of the fundamental and are clearly reflected in the measured torque signal, shown in Fig. 9 . The observed relatively large current signal distortion may be relevant when a WRIG is connected to a weak network, since these effects may affect local resonances [11] . The identified prominent torque frequency components are reflected in the measured vibration signal at identical frequencies, shown in Fig. 9 ; these effectively constitute electromagnetically induced vibration components [20] .
To evaluate the influence of individual supply harmonics on the machine operation the PSU was programmed to provide a balanced three-phase supply, containing the fundamental supply frequency component and one additional harmonic order. A magnitude of 10% of the fundamental was set for the injected harmonic components in order to facilitate a clear identification of the resulting spectral effects in the machine signals [15] . The experiments include the following harmonic orders of interest: second, fifth, seventh, eleventh, and thirteenth, and identically to the model study reported in Section III assume harmonic-order sequence convention typical of a balanced three-phase system [29] . The measured stator current and air-gap torque spectra for each of the examined cases are shown in Figs. 10-14 . The data clearly illustrate that, when compared with the three-phase 50 Hz monocomponent supply operation, each further supply harmonic gives rise to a set of new interharmonic frequencies in the current spectrum; these are reflected in the measured torque signal spectrum in the form of additional pulsating torque components. As the supply harmonic order increases the amount and magnitude of induced interharmonic components in the investigated bandwidth reduce, implying that the higher order supply harmonics do not significantly contribute to low-frequency interharmonic distortion. Further experimental investigation of spectral content up to 2 kHz reported negligible effects at higher frequencies.
All of the relevant reported measured current and torque spectral components can be calculated using the expressions derived in Section II with appropriate parameter values following the parameter mapping principles discussed in Section II. The relevant parameter values are stated in the graphs for clarity.
The correlation between the torque and the vibration signal is illustrated in Fig. 15 , where the vibration spectrum resulting from the injection of the second supply harmonic is superimposed on that measured for fundamental excitation only. This data illustrate that not all electromagnetic torque frequencies caused by supply harmonics will be followed by counterpart significant vibration of the machine frame. In this case little relevant effects matching those arising from the harmonic supply induced pulsating torques were observed in the vibration signal: the large torque component at 150 Hz shown in Fig. 10(b) does not result in an equally pronounced 150 Hz component in the corresponding vibration spectrum in Fig. 15 . Figs 16-17 compare the estimated air-gap torque and vibration spectra for the injected fifth and eleventh order voltage harmonic and operation with fundamental excitation only. Significant increments are observed in the measured vibration spectra at 300 and 600 Hz for the fifth and eleventh harmonics, respectively. It is evident that these vibration components result from an electromagnetically induced disturbance caused by the PSU injected harmonics. However, the machine mechanical system can dampen the observed electromagnetic disturbance effects in the frame vibration signal, as observed in [27] , [31] . The measured spectral effects in the vibration spectrum suggest that the most significant contribution of the supply voltage harmonics is manifested at multiples of the supply fundamental frequency while the supply induced interharmonic components were found to be significantly less pronounced.
C. Grid-Connected DFIG Operation
The consistency of the observed supply induced spectral effects was experimentally examined for the DFIG mode of operation. Machine current, voltage and frame vibration signals were recorded with the rig operating in a DFIG configuration at 1564 r/min. The rig was operated with the wound rotor induction machine stator windings connected to the grid and the rotor windings supplied by the back-to-back converter; the stator voltage harmonic content was dictated by the existing laboratory low voltage grid conditions during the experiments. The synchronously recorded torque, vibration, voltage, and current signals are shown in Fig. 18 . The measured grid voltage in Fig. 18(a) contains a wide range of harmonics, with the dominant fifth-and seventh-order components [OC trace in Fig. 18(a) ]. The interharmonic components related to the existing supply harmonics and defined by (8) and (11) are seen to be present at a range of different magnitudes in the measured current and torque signals [see Fig. 18(b) and (c) ]. The parameters used for the calculation of the measured interharmonic frequency values using (8) and (11) are stated in the figures, further validating the theoretical developments in Section II. The influence of the rotor converter, reported to give rise to stator current subharmonic frequencies at (1 ± 6ks)f [19] - [21] , can also be observed by the presence of the subharmonic frequency components in the measured current spectrum in Fig. 18(b) ; these are most prominent at 38 and 62 Hz but are also present at lower magnitude at 26 and 74 Hz. These spectral effects in the current signal coincide with identical frequencies caused by the higher order supply harmonics, labeled in Fig. 18(b) . A number of the interharmonic torque frequencies identified in Fig. 18(c) are also present in the vibration spectrum in Fig. 18(d) , thus confirming the electromagnetic origin of these vibration components.
The voltage measured on the DFIG stator terminals during grid-connected operation [CC trace in Fig. 18(a) ] is seen to contain clearly defined spectral components at 262 and 372 Hz, originating from the reported space harmonic effects. The magnitude at which these components are reflected in the stator voltage will be determined by the network harmonic impedance and the recorded stator voltage distortion is typical of the low-voltage laboratory environment conditions used in this work. The presented data, however, clearly illustrate that the wound rotor induction machine can act as a low-frequency interharmonic voltage source when operated in a DFIG configuration [11] .
V. HARMONIC DISTORTION ASSESSMENT
To quantitatively assess the harmonic emissions induced by the supply harmonics, both the harmonic and the interharmonic indices where obtained for the machine stator currents and voltages. The THD indices were calculated in accordance with [4] ; considering the prescribed harmonics subgroups the THD is defined as where Y [sg ,h] is a current or voltage harmonic subgroup rms value and Y [sg ,1] is the fundamental subgroup rms value. For conformance with [2] , the distortion indices are expressed in percentage of rated values. The total interharmonic distortion (iTHD) is calculated by considering interharmonics subgroups as defined in [4] , instead of harmonics subgroups in (10) . The 25 Hz subharmonic group is also considered in the iTHD calculations. The THD coefficients take into account all harmonic orders up to the fiftieth, while the iTHD is limited to the 2 kHz bandwidth as per the relevant IEC standard [2] .
A. WRIG PSU Harmonic Injection Tests
The distortion values of the wound rotor machine voltage and current were individually measured in the experiments for each injected supply harmonic level listed in Table I and operation at 1446 r/min. Identical to the undertaken model study, the experimentally injected harmonic magnitudes are in line with the harmonic voltage levels prescribed in the relevant grid code [18] . For consistency with [2] the current indices are calculated using a ten-cycle (0.2 s in a 50 Hz system) data window. The measured results in Table I show an increase in the interharmonic voltage content when higher order supply harmonics are present, compared to the fundamental only excitation case. This implies that, depending on the system configuration, the voltage interharmonic distortion induced by supply harmonics can significantly vary and may require consideration. While the nature of the spectral manifestation of current interharmonic components related to higher order supply harmonics has been demonstrated in Sections III and IV, the power quality relevance of these components, as reflected by the corresponding measured indices in Table I , is not considerable. No significant change in the iTHD indices of current was observed between the cases including additional supply harmonics and that including the fundamental supply harmonic only. This observation, in conjunction with the results in Figs. 1-14 , suggests that the main sources of interharmonic distortion, as quantified by the existing IEC standards, are the fundamental supply frequency induced space harmonics and their corresponding spectral frequencies in the stator current signal. This is illustrated in Fig. 19 , where the content of the measured interharmonic frequency bins prescribed in [2] for the iTHD calculation is shown. This data also indicate a relatively prominent contribution of the 25 and the 75 Hz subgroups to the iTHD value. The interharmonic components existent in these frequency bands are typically related to rotor electrical or mechanical asymmetry [32] , [33] in the wound rotor induction machine mode of operation. Consequently, an inherent asymmetry or mechanical wear, which are unavoidable in practice and are not machine design features, can significantly contribute to interharmonic emissions. The identified measured asymmetry related components are shown for clarity in a narrow-band spectrum in Fig. 20 . Due to the recommended IEC grouping method [2] , the comparatively large components at 46.46 and 53.48 Hz in Fig. 20 are discarded from the 25 and 75 Hz interharmonics groups used for the iTHD calculation. Consequently, their contributions to the iTHD coefficient are not considered, resulting in a lower quantification of the distortion effects.
B. Grid-Connected Operation
The influence of supply harmonics on harmonic emissions during grid-connected operation in laboratory supply conditions was investigated for two different generating configurations: WRIG and DFIG operation.
WRIG operation was established by interfacing the machine stator windings to the grid via a variable transformer to avoid large in-rush current; a series of steady-state operating points were then investigated in uniform steps within the rated operated region. Fig. 21 shows the measured voltage and current distortion indices as functions of the machine rated current. The data demonstrate that an increase in load is followed by a clear increase in interharmonic distortion. The dominant contributor to the observed current iTHD increase are the fundamental supply induced interharmonic frequency components
, recently reported to exhibit a continuous magnitude increase with an increase in load for the investigated machine [34] ; these will generate counterpart components of the voltage signal, as illustrated by the measurements presented in Fig. 18(a) . A large interharmonic voltage distortion (8.2%) was observed at rated current, at a level above the 8% THD distortion limit in distribution networks [18] , indicating that in high-load conditions, the iTHD can be manifested at significant levels. In contrast, comparatively small THD variations occur in both signals. Figs. 22 and 23 show the results of an identical study performed for DFIG operation in a number of typical operating points within the rated range. The measured data in Fig. 22 indicate that the voltage distortion remains at a low level during DFIG operation, between 2.2% and 2.7%; the reported voltage distortion is representative of the behavior of the investigated weak network connection. The DFIG current distortion however considerably increases with load, with the iTHD exhibiting the most significant change as the load increases. The measurements for 1530 r/min in Fig. 23 deviate from this trend; further analysis revealed that the relatively low slip at this operating speed combined with the low-frequency resolution prescribed for the definition of the harmonic bins [4] results in an incorrect incorporation of the reported current interharmonic components into harmonic groups, as illustrated in Fig. 24 . Consequently, a relatively higher THD and a lower iTHD are obtained. In general, according to (8) , any current interharmonic component will be a 6kpf r modulation on the harmonic frequency carrier that causes it (if); since three consecutive 5 Hz bins centered on a given harmonic (lf) are recommended for the THD index calculation [4] , for any practical combination of i, l, and f r where the condition ||if ± 6kpf r | − lf | ≤ 7.5 is satisfied the resulting interharmonic component will fall within the frequency band prescribed for the calculation of the harmonic distortion index and will therefore be accounted as a THD contribution. Fig. 25 shows the current distortion indices obtained from a load study undertaken for a range of typical operating points in the DFIG subsynchronous operating regime. The measured data report current distortion trends that mimic those observed for the supersynchronous regime. This behavior is in accordance with load studies reported in [34] where it was shown that the magnitude of the fundamental-supply-induced current interharmonics (i = 1; k = 1, 2, 1/4) exhibits a close to symmetrical load dependency between the sub-and supersynchronous operating regimes. The presented data further illustrate that for the tested setup the main contribution to interharmonic current distortion originates from the wound rotor induction machine space harmonics. It should be noted that this behavior may vary depending on machine design characteristics; however, closely similar spectral distortion trends have recently been identified in measurements on MW-size DFIG machinery field applications [6] , [11] .
VI. CONCLUSION
This paper investigated the impact of supply harmonics on the WRIG and the DFIG electrical and mechanical quantities. Analytical expressions that relate the existing interharmonic spectral effects in the current and torque signals to the supply harmonic content and operating speed were derived. These enable analytical evaluation of the measured spectral effects in the current and torque signals and correlation to their origin in the supply spectrum. It is shown that the wound rotor induction machine can act as a source of significant low-frequency interharmonic current emissions in DFIG drives. In addition to giving rise to corresponding harmonic components, it is demonstrated that each existing supply harmonic can introduce a clearly defined set of current and torque spectral components at nonharmonic frequencies. The supply-harmonic-induced pulsating torques were found to be significant at both harmonic and interharmonic frequencies resulting in an increase of mechanical stress in the drivetrain; a number of the reported pulsating components were found to propagate to the machine frame, resulting in additional frame vibration.
The interharmonic content of the current signal is shown to increase with the presence of supply higher order harmonics. However, the contribution of these to the deterioration of the current signal was found to be minor when quantified by the relevant IEC indices. The reported results clearly demonstrate that the magnitude of the low-frequency interharmonic current emissions in WRIG and DFIG drives is largely defined by the supply fundamental component. In conjunction with fundamental excitation, the MMF harmonics and machine inherent asymmetries are found to be the dominant sources of interharmonic current distortion.
The presented results indicate that the existing prescribed procedure used to evaluate harmonic distortion could be revised to account more accurately for the possible extent of the effects induced by the reported speed dependent frequency components.
